A new AE location method using tri-variate kernel density estimator is developed in this paper. Firstly, combinations of every six arrivals are obtained from a multi-sensor location system, and the preliminary location results are obtained by solving the systems of linear equations constructed by these arrival combinations. Secondly, the tri-variate scaled kernel functions at each AE source coordinate are established. The tri-variate kernel density estimator is constructed by adding and normalizing these scaled kernel functions. Finally, the extreme value of the density function is calculated and the coordinate corresponding to the extreme value is extracted as the final location result. Pencil-lead break experiments were carried out. The results verified that the proposed method was more accurate and effective than traditional methods in the location performance. Moreover, the influence of outlier scales and proportions of the proposed method were investigated by simulation tests. Results showed that the location performance of the proposed method was higher than that of traditional methods under different outlier scales and proportions.
I. INTRODUCTION
The location technology of acoustic emission (AE) sources by passive sensor arrays has been widely used in the structural integrity monitoring, mine risk warning, material damage mechanism research and other fields [1] - [5] . However, it is difficult to accurately locate an AE source in complex engineering practices due to errors in arrival measurements [6] - [8] . How to obtain accurate location result by error-containing arrivals has been highlighted in recent study [9] - [11] .
In traditional methods, a distribution model of arrival errors is assumed in advance to estimate the location of an AE source by measured arrivals [12] , [13] . As a classical location method, the maximum likelihood methods have been widely used for its asymptotic consistency and efficiency [14] - [16] . Maximum likelihood estimator requires an The associate editor coordinating the review of this manuscript and approving it for publication was Vigna K. Ramachandaramurthy.
additional assumption on the distribution of arrival errors, while this distribution is difficult to be obtained in advance. When the distribution of arrival errors is simply assumed to be normal, the solution of the maximum likelihood estimator can be easily found by exploring the least squares principle [11] , [17] - [19] . However, in many cases, an additional error (outlier) may be introduced, such as signal interference, sensor location errors, weak and ambiguous of arrivals, interchannel crosstalk, simply hardware failure or inappropriate picking methods. The location accuracy of traditional methods is seriously reduced when an outlier is introduced in the arrivals, because the residual values will be enlarged due to the square nature of the least square principle [7] , [20] . Jiang and Azimi-Sadjadi [21] derived a new source location method by modeling arrival errors as Cauchy-Lorentz distribution. Compared to the normal probability distribution function, Cauchy-Lorentz distribution had much heavier tails, which improved the process ability of outliers. However, if outlier scales were too large, location performance VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ is poor as well. Dong et al. [22] - [24] proposed threedimensional comprehensive analytical solutions of unknown velocity system and further developed the collaborative location method using analytical and iterative solutions. However, the distribution model of the AE source coordinates is required in prior; and X, Y and Z in AE source coordinates are studied separately. The overlook of correlation among AE source coordinates lead to errors in the final result.
To this end, a new AE source location method using tri-variate kernel density estimator is proposed. The effectiveness and accuracy of the proposed method are verified by the pencil-lead break experiment and simulating tests. In Section 2, the theory of the proposed method is formulated mathematically. In Section 3, location results of the pencillead break experiment are reported. In Section 4, the tolerance of outlier scales and proportions of the proposed method are discussed. Finally, conclusions are drawn in Section 5.
II. METHOD

A. PRELIMINARY LOCATION
For an unknown velocity AE monitoring system with massive sensors, 6 triggered sensors at least are used to locate an AE source basically. When the minimum number of 6 arrivals is used, the constructed linear equations and unknowns have the same number. Hence, AE source coordinates can be directly solved without any additional assumption model of errors in prior. From the viewpoint of error control, when more triggered sensors are used, the arrival set is more statistically reliable and the layout of the sensor array is also more reasonable. Therefore, C 6 n selections can be obtained from the system with n sensors to fully use redundant sensors and improve the location accuracy. 6 sensors are randomly selected from the system for analyses. The arrivals from these 6 sensors constitute a single combination. The preliminary location for this combination is obtained as follows [22] , [23] :
Firstly, the governing equations of AE source coordinate is established as follows:
where (X , Y , Z ) is the AE source coordinate to be evaluated, (x i , y i , z i ) and t i are the coordinate and arrival of the i th AE sensor. t 0 is the trigger time of the AE source, and the average velocity of medium is expressed by v. This equation is multiplied by v on both sides and then squared. 2 1 , and i = 2, 3, . . . , 6. The additional variables V and K make (3) become a linear system.
As linear equations and unknowns share the same number, so the pin-point location can be obtained directly by 
The AE source coordinates and two additional variates of each arrival combination are obtained through the above equations without any additional assumption on arrival errors. If an additional variable V is less than zero, the corresponding source coordinate is eliminated. The remaining AE source coordinates constitute m-group preliminary location results. However, the m-group preliminary location results usually differ in a great degree due to the presence of the arrival errors.
B. CONSTRUCT TRI-VARIATE KERNEL DENSITY ESTIMATOR
The kernel density estimator, as a nonparametric technique for density estimation, extracts the characteristics of the data distribution from the data samples instead of assuming the data distribution model in prior, and thus it has been widely used in the field of nonparametric statistics [25] - [27] . To avoid the distribution hypothesis of AE source coordinates and obtain a good density function of the source coordinate, the tri-variate kernel density estimator is applied to fit the m-group preliminary location results in this paper.
Let an AE source coordinate θ = (θ 1 , θ 2 , θ 3 ) T = (X , Y , Z ) T be a three-dimensional random vector with an unknown density function f , where the superscript T denotes transposition. Let AE source coordinates
the preliminary location results be a three-dimensional random sample from the density f for i = 1, 2, . . . , m. Then the tri-variate kernel density estimator of the unknown density f can be constructed with the following steps:
Firstly, building the tri-variate scaled kernel function at each source coordinate θ i
where K (·) is the tri-variate kernel function and H is the 3 × 3 diagonal bandwidth matrix which plays a role in the covariance matrix. Secondly, adding all of the individual scaled kernel functions and divide by the number of source coordinates.
In this way, a probability of 1/m on each θ i is obtained; and it is guaranteed that the tri-variate kernel density estimator has an integral of 1 on its defined domain.
C. OBTAIN AE SOURCE COORDINATE 1) SELECTION OF TRI-VARIATE KERNEL
A tri-variate kernel is a special type of tri-variate distribution function with the weighting effect. Theoretically, all smooth and symmetric tri-variate peak functions can be used as the tri-variate kernel function, as long as its definite integral over its support set equal to 1 [28] , [29] . For example, the standard tri-variate normal kernel is widely used, owing to convenient mathematical properties, and the tri-variate scaled kernel function in (5) can be rewritten as
2) SELECTION OF BANDWIDTH MATRIX
The selection of the bandwidth matrix H importantly affects the estimation result because bandwidth matrix H controls the amount and direction of smoothing induced [28] .
In the selection of a bandwidth matrix, the optimality criterion of mean integral squared error is commonly used. If the standard tri-variate normal density function is selected as the kernel function, the optimal choice of H for minimizing the mean integral squared error is [30] H ii = σ 2 i 4 5m 2 7 , i = 1, 2, 3
and H ij = 0, i = j. σ i is the scale parameter of the i th variable, expressed in the form of σ i = 1 0.6745
and med(·) denotes taking the median.
3) CALCULATION OF FINAL AE SOURCE COORDINATE
After choosing the kernel function and bandwidth matrix, the tri-variate kernel density estimator of function f can be completely determined. The density function f of AE source coordinate can be obtained by the kernel density estimator. The AE source coordinate θ corresponding to the extremum of the density function f is the final location result. Due to the nonlinearity of density function f, a linear approximation or iterative numerical technique is used to search the final solution of the density function f . In the searching process, the median of preliminary location results θ i is taken as the initial guess and constantly revised until the best solution is obtained. In the initial stage of the searching, since the initial value deviates greatly from the true source, the correction step is larger. When the real value is approached, the correction step becomes smaller and smaller. When the change of √ X 2 + Y 2 + Z 2 calculated by two adjacent iterations is less than 10 −5 m, the iteration is terminated. The result of the last correction is the final AE source coordinate.
The whole procedure of the proposed method is shown in Fig.1 . 
III. EXPERIMENTAL VERIFICATION A. EXPERIMENTAL PROCEDURES
The experiment of pencil-lead break is carried out and the process of AE signal acquisition and experimental equipment are illustrated in Fig.2 . Firstly, the HB pencil lead with the VOLUME 7, 2019 FIGURE 2. Acquisition process of AE signal generated by pencil-lead break. diameter of 0.5 mm is broken at 30 • on the surface of the granite specimen to generate the AE signal. Then the AE signal is picked up by a piezoelectric sensor and amplified with the preamplifier gain of 40 dB. After that, the amplified signal is collected by DS5-16C Holographic AE Signal Analyzer made by Beijing SoftLand Scientific and Technology Co., Ltd., Beijing, China. Finally, the holographic AE signal is stored and displayed in the ordinary PC for post-processing. Fig.3 shows the location system of granite specimen with size of 200 mm × 179 mm × 84 mm. Sixteen sensors are numbered as S i (i = 1, 2, . . ., 16) with the coordinates of (10, 0, 10), (100, 0, 10), (100, 180, 10), (190, 0, 10), (190, 180, 10) , (200, 90, 10), (0, 80, 74), (0, 90, 10), (0, 170, 10), (90, 180, 74), (110, 0, 74), (200, 80, 74), (10, 10, 84) , (12, 170, 84) , (190, 10, 84) , and (190, 170, 84) (in mm) and mounted on the surface of the location system. Moreover, four AE sources A (120, 150, 84), B (120, 90, 84), C (0, 120, 42), and D (40, 0, 42) (in mm) on the surface of granite specimen are generated by pencil-lead breaks to verify the location performance of proposed method.
Before locating the AE sources, the arrivals for each sensor are picked up manually according to waveform of AE signal. Arrival time is determined by the position of the first apparent take-off in the waveform. Fig.4 . shows the schematic of arrival picking. The m-group preliminary location results are fitted by trivariate kernel density estimator in (6) to obtain the density functions of the source coordinate. The slices of these density functions at the extreme value are projected onto XY, XZ and YZ planes of the cuboid location system. The extreme values of the density functions can be obtained by iterative methods and denoted by the red mark ''+'' in Step c. The source coordinates corresponding to extreme values are the final AE source coordinates. Through the above steps, the AE sources A, B, C and D generated by pencil-lead breaks can be determined accurately.
C. COMPARISONS OF LOCATION RESULTS
For each AE source, the three-dimensional comprehensive analytical solutions of unknown velocity system (CASUV) and linear least squares method under unknown velocity system (LLSUV) are applied for comparison with the new method [17] , [22] . In Fig. 6 , the X , Y and Z coordinates of four AE sources calculated are compared with different location methods. It can be seen that the X , Y and Z coordinates of AE sources solved by the proposed method are highly consistent with the real AE sources and outperform than CASUV and LLSUV methods. Therefore, the proposed method has higher location accuracy than the traditional methods. Fig.7 shows the absolute distance errors of AE sources A, B, C and D determined by different location methods. As shown in the figure, the absolute distance error of the proposed method is lower and more stable than that of the LLSUV and CASUV methods. Table 1 shows the detailed location results. It can be seen that the maximum absolute distance error of the proposed method is 9.92 mm, while the errors of LLSUV and CASUV methods are 48.21 mm and 71.58 mm respectively. In other words, the proposed method has much lower maximum absolute distance error than that of LLSUV and CASUV methods. 
IV. INFLUENCE OF OUTLIER ON LOCATION RESULTS
The result of the pencil-lead break experiment shows the feasibility of the proposed method to locate the AE source. To quantitatively analyze the influence of outliers on the location accuracy, simulation tests on outlier scales and proportions are performed. The cube location system with a side length of 300 mm is adopted in this simulation, as shown in Fig.8 . The trigger time of AE signal is zero, i.e. t 0 = 0, and the average wave velocity of the medium is v = 5000m/s (since wave velocity is not required for the proposed method and the compared methods as the input data, the average velocity is only used to generate arrivals for simulation tests).
A. THE INFLUENCE OF OUTLIER SCALE
To study the influence of outlier scales on AE source location, two outliers with the error scales of 2, 4, 6, 8, and 10 µs are stochastically added to the arrivals in turn. To ensure the reliability of the simulation test, each location process is repeated 20 times by changing the arrival errors. In addition, to simulate the accidental errors in the practical engineering, small errors from normal distribution with mean value of zero and standard deviation of 0.5 µs are added to the arrivals. Fig.9 shows the absolute distance errors of three location methods under the outlier scales of 0, 2, 4, 6, 8, and 10 µs. It can be seen that the proposed method outperforms the CASUV method and has the similar location accuracy with LLSUV method when the outlier scale is 0 µs (i.e. there is no outlier in arrivals). However, when the outlier scales are not zero, the location performance of the proposed method is quite different from that of the traditional methods. The boxes of traditional methods always at a higher position, their medians and lengths increase with the outlier scales, indicating that the location errors of traditional methods are larger and increase with outlier scales. While the boxes of the proposed method are lower and shorter in outlier scales of 2, 4, 6, 8, and 10 µs, which indicates that the proposed method has a higher location accuracy and tolerance of outlier scales than that of traditional methods. 
B. THE INFLUENCE OF OUTLIER PROPORTION
To study the influence of outlier proportions on AE source location, the outliers (±10 µs) with proportions of 6.25%, 12.5%, 18.75%, 25% and 31.25% are randomly added to the accidental errors with standard deviation of 0.5 µs. Moreover, each location is still repeated for 20 times to get a reliable conclusion. Fig.10 shows the average absolute distance errors of different methods under different outlier proportions. It can be seen that the average absolute distance errors and the standard deviations of the proposed method are less than that of the traditional LLSUV and CASUV methods under the same outlier proportions. With the increase of outlier proportion, the absolute distance errors of traditional methods increase significantly, while absolute distance errors of the proposed method increase slowly. It indicates that the proposed method has a better performance under different outlier proportions compared with the traditional methods. Fig.11 shows the three-dimensional diagram of detailed location results. It is seen that most spheres of the proposed method are smaller in diameter, darker in color and clustered more tightly at the true sources than that of traditional methods under different outlier proportions, indicating the favorable location accuracy of the proposed method. However, when the outlier proportion reaches 25% and 31.25%, there are still one and two large location errors of the proposed method, respectively. The reason is explained as follows: the higher proportion of outlier results in less accurate results of preliminary location, which causes the inaccurate estimation of density function, and the increase of positioning error is caused finally.
V. CONCLUSION
Due to the difficulty in obtaining the prior knowledge of distribution of the arrival errors or AE source coordinates, a new AE source location method using tri-variate kernel density estimator is proposed in this paper, so as to further improve the location accuracy. Firstly, different arrival combinations are used to construct the corresponding linear equations. FIGURE 11. The spatial location of AE sources solved by three methods under the outlier proportions of 6.25%, 12.5%, 18.75%, 25%, and 31.25%. The diameter of sphere denotes the absolute distance error, and the larger the spherical diameter, the greater the absolute distance error.
The AE source coordinates are drawn by solving these linear equations, and all the real source coordinates constitute the preliminary location results. Secondly, the preliminary location results are fitted by tri-variate kernel density estimator to obtain the density function of AE source coordinate (X, Y, Z). Finally, the iterative method is adopted to search for the extreme value of density function, and the corresponding coordinate of the extreme value is the final AE source coordinate. The proposed method fits the source coordinates of the preliminary location results for the efficient use of the information of data itself from the non-parametric statistical perspective, rather than assuming the classical probability distribution for AE source coordinates or arrival errors in advance. In this way, the mathematical and physical significance of the proposed method is completer and more rigorous. The correlation among AE source coordinates X, Y and Z from the preliminary location results are considered by using tri-variate estimation model. In addition, the wave velocity is not required as input data in this method, thus avoiding the influence of the measurement error of wave velocity on the location result. The proposed location method is verified by the experiment of pencil-lead breaks, and the results show that this method has a stable and accurate location performance. Simulation results of outlier scales show that the high location accuracy of the proposed method is not affected under different outlier scales. In addition, simulation results of outlier proportions illustrate that the proposed method can obtain more accurate location results than traditional methods under different outlier proportions, indicating that the proposed method has the higher location accuracy and tolerance for outliers. However, the proposed method still has certain limitations. First, few large location errors still occur under high outlier proportions; second, although this method does not require a predetermination of average wave velocity for locating an AE source, the average wave velocity as an unknown quantity is still existed in the governing equations. The default assumption of onedimensional average wave velocity model is that the wave velocities of medium are approximately same in all directions. In this way, this method is only applicable for the source location in homogeneous or nearly homogeneous media. For the serious anisotropy and heterogeneity medium where the wave velocities vary greatly in different directions, the average wave velocity model will fail and the location error will still be large. Therefore, further researches should be performed to address these limitations. He is the author of over 100 articles published in related conference proceedings and journals. He is the holder of 30 patents. His current research interests include computational methods in location and identification for shock sources, seismic signals, machine learning algorithms, and rock/mineral mechanics for mining science. He is a member of the ASCE and ISRM. He is also invited to serve as the Editorial Board Member of the Scientific Reports, the International Journal of Distributed Sensor Networks, and the Shock and Vibration.
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